Many applications in the electronics, telecom and medical device industry require smaller and smaller laser joining areas. In order to adapt the processing speed to the average laser power pulsed laser operation is desired. Gated CW fiber lasers could provide pulsed laser operation with sufficient power stability. Some welding applications require focus spot diameters in the order of 25 µm and pulse energy levels as low as 10 mJ. The fiber laser's excellent single mode beam quality will provide the desired spot size and laser power density. In addition many emerging micro welding applications require excellent power stability at low pulse energy levels to provide sufficient process yields. This paper will provide data about the power stability of pulsed fiber lasers and will show first micro welding results for a range of materials with a pulsed fiber laser system.
Introduction
As medical devices get smaller, micro welding is becoming more and more important in packaging applications on a medical device production line. A small focal spot and good pulse-to-pulse stability are of utmost important for these applications, which usually have fairly low average power requirements. Conventional flash-lamp pumped systems exhibit limited power stability when used at low pulse energy levels. Fiber lasers fit these requirements, and add the benefits of being compact, not requiring external cooling water, and requiring virtually no maintenance. The following paper will show fiber laser micro-welds in steel and titanium ( Fig. 1) , which are important materials in medical device manufacturing. 
Background
The fiber delivered, flash-lamp pumped Nd:YAG is a recognized tool for a wide range of applications. Francisco, California, October 4-7, 2004 , Paper No. M501, Laser Institute of America, Publication No 597, Vol. 97, ISBN 0-912035-77-3 (2004 commercially available single mode fiber lasers go up to an average power level of 200 W.
Toensdorf et al. [4] and Miyamoto et al. [5] described the welding performance of fiber lasers in continuous wave operation This paper presents welding results with a 100 W Spectra-Physics fiber laser in pulsed operation. This investigation was intended to show that the fiber laser is able to weld stainless steel and titanium for micro welding applications. Specifically welding application for hermitically sealed cans for medical applications are of interest. In addition, the laser pulse energy stability was investigated.
Experimental Work

Fiber Laser Welding System
The welding system used for the experiments integrates an Aerotech X-Y CNC motion system, fiber laser, beam collimator and the welding head (Fig. 2) . The welding head includes a focusing optic, an assist gas nozzle and coaxial viewing optics. The focusing head is 10 degrees tilted to avoid back reflection and potential damage to the fiber termination module. The output of the fiber laser is collimated to a 5 mm diameter and focused with a 150 mm focal length optic. The specified beam quality (M2) of the fiber laser is 1.1. The focus diameter with the 150 mm focusing optic is 0.025 mm. The focus position during the experiments was kept on the top of the sample. The welding experiments where shielded with a constant flow of argon. The welding feed rate was constant at 4 mm/s. There was no variation of cutting speed or coaxial argon assist gas flow during the welding experiments. Gating the pump diodes gates the fiber laser. The laser diode starts to pump the Yb-doped fiber typically 0.02 ms after the laser trigger signal; the laser output power then stabilizes at a stationary value after an initial spike caused by relaxation oscillation [6] in the lasing media of the fiber. The initial spike duration is <0.001 ms.
Pulse Energy Stability Measurement
Pulse energy stability is an important specification for hermitic welding application in the medical field. Fluctuation in pulse energy could reduce the hermitic seal of a package and has the potential to damage the electronic components in the package. This investigation will present pulse energy stability measurements for two timeframes. The first dataset will show the pulse energy stability during the timeframe of 20 seconds. 20 seconds is the typical timeframe for one weld operation in production. The second dataset will provide the stability of the laser system during a timeframe of 1 h which is the typical time between power calibrations of the laser welding system on the production floor. The laser setting for this measurement is 10W average laser power at 100 Hz pulse-to-pulse frequency and 2 ms pulse length. The laser peak power during the measurement was 50 W. A Coherent power meter was used to verify the absolute average laser power level and a photo diode was pointed to the laser power head to collect data for the pulse-to-pulse energy stability measurement. A Tektronix TDS 3032B Oscilloscope recorded the photo diode signal with an output interface to a PC. The Tektronix WaveStar software package was used in conjunction with the oscilloscope to collect and calculate the data. The recording system recorded a data point every second. Each recorded data point is equivalent to the area below the trace line of the temporal pulse shape shown in figure 3.
Results and Discussion
Welding of Stainless Steel
First welding experiments were done in stainless steel (304 Series). The laser beam was focused on the top surface of the sample. For the flowing sample the frequency and pulse length was keep constant ( Figure  4 ). Figure 4 on the next page shows a typical cross section after etching the stainless steel sample to show the weld zone. For better visibility of the heat affected zone the boundary between the resolidified weld metal and the non melted material is highlighted. Figure 5 shows how the weld penetration depth changes with peak power and pulse length. The laser setting for this experiment was 200 Hz pulse-to-pulse frequency and 4 mm/s weld speed. The protection gas was a coaxial flow of argon. For the peak power range used in this experiment the weld penetration was changing linearly with the peak power. At 40 W peak power and 2 ms pulse length the weld penetration was 0.065 mm. At highest investigated energy level with 100 W peak power and 4 ms pulse length the weld penetration was 0.43 mm. The slope of weld penetration over laser peak power for the 4 ms pulse length is steeper than for 2 ms pulse length. The picture in figure 6 shows the top view of a series of laser welds with the fiber laser in stainless steel. The next figure shows the numeric evaluation of laser welding bead width as a function of laser peak power and pulse width. 
Welding of Titanium
The following figure shows a cross section of a weld in titanium as an example for material other than stainless steel. This weld was realized with 80 W laser peak power at 200Hz and 4 ms pulse length. The weld speed was 4 mm/s. The weld penetration is similar to the example in stainless steel at the same laser settings but the weld bead width is slightly bigger. The power stability for 1 hour is plotted in figure 5 . The standard deviation at 0.159% is only slightly higher then for a 20 second measurement. The energy stability of the pulsed fiber laser setup is well above the requirements of welding performances for hermitic sealing application. The pulse energy fluctuation tolerated for this application is typically in the order of plus/minus 2-5%. The means for a 2% energy stability requirement the laser could fluctuate up to plus/minus 10 standard deviations in one hour.
Conclusions
• The fiber laser, due to its good beam quality, is able to achieve very small focus diameters for micro welding applications.
• The weld penetration and weld bead width is sufficient for many welding applications in the medical and electronics industry.
• First investigations show excellent results in stainless steel and titanium • The pulse-to-pulse energy stability is excellent during short term and long term measurements. 
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